BACKGROUND: Measuring fractional flow reserve (FFR) with a pressure wire remains underutilized because of the invasiveness of guide wire placement or the need for a hyperemic stimulus. FFR derived from routine coronary angiography (FFR angio ) eliminates both of these requirements and displays FFR values of the entire coronary tree. The FFR angio Accuracy versus Standard FFR (FAST-FFR) study is a prospective, multicenter, international trial with the primary goal of determining the accuracy of FFR angio .
N
umerous multicenter, randomized trials have demonstrated improved clinical outcomes when measuring fractional flow reserve (FFR) with a coronary pressure wire to guide decisions regarding revascularization in the cardiac catheterization laboratory. [1] [2] [3] Based on these data, guidelines now recommend the routine use of FFR in a variety of settings. 4 However, FFR remains underutilized for a number of potential reasons, including the additional time needed to measure pressure wire-derived FFR, technical challenges and the small risk associated with maneuvering a pressure wire down a coronary artery, the added time to assess multiple vessels, issues with drift in the pressure wire reading, and the time, expense, and associated side effects with some hyperemic agents necessary to measure FFR. For all of these reasons, a technique for deriving FFR without the need of a pressure wire or hyperemic agent would be advantageous and could increase the adoption of physiology-guided revascularization.
Coronary angiography-derived FFR (FFR angio ) is a new method for measuring FFR without a coronary pressure wire or hyperemic agent. It relies on creating a 3-dimensional (3D) reconstruction of the coronary arterial system and estimating the resistance and flow across a stenosis. Preliminary studies have found that FFR angio when measured off-site by experienced operators correlates well with pressure wire-derived FFR, but it has not been validated when performed on-site by independent, local operators blinded to the pressure wire-derived FFR and compared with core laboratory analyzed FFR values in a large, prospective multicenter fashion. 5, 6 
METHODS

Study Design and Procedures
The FAST-FFR (FFR angio Accuracy versus Standard FFR) study is a prospective multicenter, international trial with the primary objective of comparing the accuracy of on-site FFR angio with pressure wire-derived FFR. The study protocol was approved by the Institutional Review Boards or Ethics Committees at the relevant sites. While the protocol can be made available, the data, analytic methods, and other study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure, as they are the property of CathWorks Ltd. (Kfar Saba, Israel). Adult patients with stable angina, unstable angina, or non-ST elevation acute coronary syndromes undergoing coronary angiography with coronary pressure wire-derived FFR measurement of a coronary stenosis and who provided written, informed consent where required were eligible for inclusion in the study. Patients presenting with an ST elevation myocardial infarction or with a previous ST elevation myocardial infarction in the same vessel being interrogated in the previous 12 months were excluded, as were patients with previous heart transplantation, coronary artery bypass surgery, heart valve surgery, severe aortic stenosis, or left ventricular ejection fraction ≤45%. Main angiographic exclusion criteria included the presence of a chronic total occlusion in the vessel being interrogated, less than TIMI (Thrombolysis in Myocardial Infarction grade) 3 flow, target lesion involving a left main stenosis >50%, a recent stent placement (past 12 months) in the target vessel, presence of in-stent restenosis, severe diffuse disease, target vessel supplied by collaterals, or inadequate coronary angiographic images as prespecified by the study protocol. Tandem lesions were allowed, in which case one FFR measurement distal to all stenoses was performed.
Coronary angiography was performed at each site per standard of care at a cine frame rate of at least 10 frames per second. Routine diagnostic angiograms were obtained at different projections (the exact inclination of the C-arm was left to the operator's discretion), with the entire vessel visualized, with adequate contrast opacification, avoiding vessel overlap, and without panning the table or moving the image intensifier.
Coronary pressure wire-derived FFR was measured using a commercially available pressure wire system by operators blinded to the FFR angio result. The wire was calibrated outside of the body and introduced into the guiding catheter after intracoronary nitroglycerin and intravenous heparin were administered. The pressure recording from the wire was equalized to the pressure recording from the guiding catheter with the pressure sensor positioned at the ostium of the guiding catheter. The wire was then advanced to at least 20 mm beyond the stenosis, where its position was then recorded. Hyperemia was then created with either intravenous adenosine (140-180 mcg·kg -1 ·min -1 ), intracoronary adenosine (100 mcg for the right coronary artery or 200 mcg for the left coronary artery) or intracoronary papaverine (10-12 milligrams for the right coronary or 12-15 milligrams for the left coronary). FFR was recorded as the mean distal coronary pressure divided by the mean proximal coronary pressure during maximal hyperemia. After recording FFR, the pressure wire was pulled back so that the sensor was positioned at the tip of the guiding catheter in order to check for pressure drift. If the ratio of the pressure wire and guiding catheter pressures differed by greater than ±0.03, FFR was remeasured after re-equalization. The FFR recordings were sent to the physiology core laboratory blinded to the FFR angio measurement
Clinical Perspective
What Is New?
• The FAST-FFR (FFR angio Accuracy versus Standard FFR) trial found in a large, multicenter trial with blinded assessment, core laboratory review, and independent statistical analysis that fractional flow reserve (FFR) derived from coronary angiography (FFR angio ) has a high sensitivity, specificity, and accuracy compared with pressure wire-derived FFR.
What Are the Clinical Implications?
• FFR angio has the potential to eventually replace wire-based FFR measurement and substantially increase physiological coronary lesion assessment in the catheterization laboratory, thereby leading to improved patient outcomes.
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(Cardiovascular Research Foundation, New York, NY) for review using the prespecified criteria which included wave form distortion, aortic pressure ventricularization, and drift. At least 3 DICOM (Digital Imaging and Communications in Medicine) angiograms were immediately transferred directly to the FFR angio console (CathWorks Ltd., Kfar Saba, Israel), following which the FFR angio was calculated on site by a hospital operator blinded to the pressure wire-derived FFR measurement. The operator entered the mean aortic pressure, selected the vessel of interest and the optimal projections of the lesion. The FFR angio system would then create a 3D reconstruction of the coronary tree using proprietary software. The reconstruction is based on the known geometry of 2 or more projections with a minimum separation of 30°, from single-plane angiograms and utilizes epipolar ray tracing together with mathematical constraints enforcing the tree's structure. The system is able to construct each vessel separately such that each region/branch/lesion is not necessarily reconstructed from the same views, yet at the same time, the tree topology is preserved and adheres to that reflected in all of the 2D images. Based on these data, the coronary arterial network is modeled as an electric circuit with each segment acting as a resistor. The vessel resistance is estimated based on its length and diameter. Each vessel's contribution to flow is based on its impact on overall resistance depending on the arrangement. Normal maximal flow is estimated based on the volume of coronary vessels and total coronary length. FFR angio is then calculated as the ratio of the maximal flow rate in the stenosed artery compared with the maximal flow rate in the absence of the stenosis, and was compared with the FFR at the same location of the pressure wire sensor. Details on the methodology of FFR angio are provided elsewhere and in the Methods section of the Supplementary Material. 6 The FFR angio report was sent to the FFR angio core laboratory (CathWorks, Ltd.), blinded to the FFR measurement, for review.
Statistical Analysis
The coprimary end points of the study were the sensitivity and specificity of FFR angio for predicting FFR per vessel with an abnormal FFR defined as ≤0.80, and a normal FFR as >0.80. The following hypothesis pairs were to be tested: H 0 : sensitivity FFR angio ≤70%, H A : sensitivity FFR angio >70% and H 0 : specificity FFR angio ≤75%, H A : specificity FFR angio >75%. The following assumptions were made to estimate sample size for meeting the performance goals for the coprimary end points: FFR angio sensitivity=85%, FFR angio specificity=86%. Because of the relatively low incidence of "positive" subjects, the sample size was driven by sensitivity, with an assumed ratio of positive to negative lesions of 1:3, type I error (α)=0.05 (2-sided), 20% data loss, and statistical power (1 -β)=80%. To account for an estimated 20% data loss for vessels with unavailable or not qualified FFR or FFR angio , and 3 roll-in cases per site, we calculated that we would need to include approximately 382 vessels. Secondary end points included the diagnostic accuracy of FFR angio , its correlation with FFR and the FFR angio device success defined as the number of device malfunctions in relation to the total number of attempted FFR angio measurements.
Categorical patient characteristics were presented as percent frequency, and continuous characteristics were presented as mean plus standard deviation or median with interquartile range. A logistic mixed effects model accounted for multiple lesions per patient in the primary analysis. Pearson correlation coefficient between FFR and FFR angio was reported among vessels with FFR and FFR angio values above 0.50. All statistical analyses were performed by the Cardiovascular Research Foundation using SAS.
RESULTS
Ten centers in the United States, Europe, and Israel participated in this study. Following 3 roll-in subjects at each site (30 subjects), 352 study subjects (376 vessels) were enrolled, for a total of 382 subjects. Of the study subjects, 51 (57 vessels) were excluded either by the FFR (5.6%) or FFR angio (3.7%) core laboratories, because they did not meet the selection criteria (3.7%), because the data were lost (1.6%) or because of a FFR angio device malfunction (1.3%) leaving a total of 301 subjects (319 vessels) in the final study analysis population (Figure 1) . Specifically, the FFR core laboratory excluded vessels because of the presence of aortic damping or distortion of the waveform (15 vessels) or pressure drift (4 vessels). The FFR angio core laboratory excluded vessels for the following reasons: the angles of the angiograms were too close to one another (1 vessel); the lesion was not clearly visible (3 vessels); there was suboptimal contrast filling of the vessel (7 vessels); there was significant foreshortening of the area of interest (1 vessel); or there was movement of the table during image acquisition (2 vessels). Of the 376 measurements in the entire study population, there were a total of 5 device malfunctions as a result of the FFR angio system failing to recognize user input error and not warning the user, in some cases, of either incorrect matching of vessels or an incorrect presentation of the lumen, equaling a 98.7% success rate.
The average age of the subjects was 65 years, with 74% male, body mass index of 29 kg/m 2 , and 42% of subjects presented with unstable symptoms. The baseline clinical characteristics of these patients are displayed in Table 1 . The diagnostic catheterization was performed with a 5, 6, or 7 French catheter, using either the radial (73%) or the femoral (27%) approach. Total procedure and fluoroscopy times were 40.0±25.8 minutes and 14.0±9.0 minutes, respectively. FFR was measured in 1.1 vessels per subject, most commonly in the left anterior descending (54%), with a mean diameter stenosis of the target lesion of 63%, with 17.3% of the lesions involving a bifurcation, and with 89% American College of Cardiology lesion class B or C. Seventeen patients had FFR measured in more than 1 vessel, and 17 patients had tandem lesions. Intracoronary (67%) or intravenous (31%) adenosine was used in the vast majority of cases as the hyperemic stimulus. Papaverine was used in only 2%, and only at 1 site. The procedure details and angiographic characteristics of the vessels are displayed in Table 2 .
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The mean FFR value was 0.81±0.13, with 43% of values ≤0.80 and 59% between 0.70 to 0.90. The mean FFR angio value was 0.80±0.12, with 46% of values ≤0.80 and 64% between 0.70 to 0.90 (Table 2) , and was calculated with an average processing time of 2.7 minutes (not including the manual correction of the coronary reconstruction and lesion identification). See Figure 2 for an example of the FFR and FFR angio measurements.
The coprimary end points of the study, the sensitivity and specificity of FFR angio for predicting FFR per vessel were 93.5% (95% CI, 87.8-96.6) and 91.2% (95% CI, 86.0-94.6), respectively, both of which exceeded the prespecified performance goals. The diagnostic accuracy of FFR angio was 92.2% (95% CI, 88.7-94.8), with a negative and positive predictive value of 94.8% (95% CI, 90.3-97.3) and 89.0% (95% CI, 82.6-93.2), respectively (Table 3 ). The sensitivity, specificity, and diagnostic accuracy remained high when only considering FFR values between 0.75 to 0.85 (89%, 85%, and 87%), and the diagnostic characteristics were similar when using the site reported FFR values, as opposed to the core laboratory's values, as well as after including the roll-in cases. There was a strong correlation between FFR and FFR angio (r=0.80, P<0.001), with the Bland-Altman confidence limits between −0.14 and 0.12 ( Figure 3 ). The receiver operator characteristic area under the curve was 94.4% (91.7%, 97.1%; Figure 4 ). When comparing the 277 concordant cases with the 25 discordant cases, all clinical characteristics were similar between the 2 groups. Lesions in the right coronary artery were 
DISCUSSION
The primary finding from this large, prospective, multicenter study is that FFR angio has very high sensitivity, specificity and diagnostic accuracy, all of which are greater than 90% for predicting the reference standard, coronary pressure wire-derived FFR. Moreover, FFR angio and FFR remained highly correlated over the entire range of FFR values. FFR angio was successfully measured in almost all cases included. Two smaller studies have evaluated the diagnostic characteristics of FFR angio . The first included 88 patients with 101 lesions and found a sensitivity, specificity, and diagnostic accuracy of 88%, 98%, and 94%, respectively. 5 The second included 184 patients and 203 lesions and found a sensitivity, specificity, and diagnostic accuracy of 88%, 95%, and 93%, respectively. 6 Limitations of these studies include the smaller number of subjects and centers, the lack of blinded core laboratories, the fact that the diagnostic angiograms were acquired by only a handful of operators, the fact that the FFR angio analysis was performed off-site by an experienced core laboratory, and the lack of independent statistical analysis. The current report confirms the previously reported diagnostic characteristics in a large, prospective fashion with angiograms performed by numerous operators using a variety of radiographic systems, with FFR angio measured on-site by the local operators blinded to the pressure wire-derived FFR, and with blinded core laboratory overview and independent statistical analysis. Less than 4% of the cases were disqualified by the FFR angio core laboratory, despite the Results are % and 95% CI. FFR angio indicates fractional flow reserve derived from routine coronary angiography.
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inclusion of a majority of overweight or obese subjects with complex coronary anatomy representative of daily practice, although this was after specific patient and angiographic exclusion criteria were applied. Other groups have reported on different methods for deriving FFR from coronary angiography, and they have been summarized elsewhere 7, 8 and in Table III 9 where a pressure drop across the stenosis in 1 vessel is then calculated using a set of equations incorporating the vessel geometry and estimating maximal flow in one of three different ways. Xu et al 10 evaluated QFR in 308 patients from 5 Chinese centers, with a reported sensitivity, specificity, and diagnostic accuracy of 94.6%, 91.7%, and 92.7%, respectively. A European group of investigators reported on QFR in 329 patients and found a sensitivity, specificity, and diagnostic accuracy of 86.5%, 88.9%, and 86.8%, respectively. 11 The latest study from many of the same investigators found that QFR had a sensitivity, specificity, and diagnostic accuracy of 77%, 86%, and 83%, respectively, for predicting FFR. 12 The explanation for the range of reported diagnostic characteristics is unclear. Other methodologies besides FFR angio and QFR exist, including virtual fractional flow reserve 13, 14 and virtual functional assessment index 15 among others, 16 but their validations are based on substantially smaller groups. A main potential advantage of the FFR angio system in comparison with pressure wire-derived FFR and the other angiographic techniques discussed above for estimating FFR is that FFR angio provides a 3D reconstruction of the entire coronary tree with FFR values along each vessel. This may improve the operator's interpretation of the coronary stenosis and optimize revascularization strategies.
The clinical implications of the current report are that FFR angio may provide an easier and potentially faster method for performing physiology-guided assessment of the overall coronary angiogram with similar accuracy to the reference standard, coronary pressure wire-based FFR. This may translate into a greater percentage of patients undergoing physiological guidance for revascularization decisions and ultimately improve long-term outcomes. The ease-of-use in using angiography-determined FFR of the entire coronary tree also facilitates iterative assessments after percutaneous coronary interventions to determine the need for further treatment and allows new possibilities of improved management in complex anatomic scenarios, such as decisions regarding nonculprit vessel intervention in patients being treated for ST-segment-elevation myocardial infarction.
The limitations of this study include the lack of information regarding the total time it takes to measure FFR angio , including the manual processing time, although the average processing time was only 2.7 minutes; each site performed 3 roll-in cases first, although after inclusion of the roll-in cases, the results were similar; the validation was limited to lesions amenable to FFR wire measurement, and therefore did not include all relevant vessels; some patients were excluded from analysis after enrollment, although the percentage of cases excluded is small compared with similar FFR and noninvasive FFR studies; the use of different hyperemic agents could have affected the FFR result, although studies suggest these differences are small; investigators did not use the "smart minimum" algorithm to calculate the FFR 
